Abstract: A folded resonator requires an oblique angle of incidence on the folded curved mirror, which introduces astigmatic distortions that limit the performance of the lasers. We present a simple method to compensate the astigmatism of folded resonator without Brewster windows for the first time to the best of our knowledge. Based on the theory of the propagation and transformation of Gaussian beams, the method is both effective and reliable. Theoretical results show that the folded resonator can be compensated astigmatism completely when the following two conditions are fulfilled. Firstly, when the Gaussian beam with a determined size beam waist is obliquely incident on an off-axis concave mirror, two new Gaussian beam respectively in the tangential and sagittal planes are formed. Another off-axis concave mirror is located at another intersection point of the two new Gaussian beams. Secondly, adjusting the incident angle of the second concave mirror or its focal length can make the above two Gaussian beam coincide in the image plane of the second concave mirror, which compensates the astigmatic aberration completely. A side-pumped continues-wave (CW) passively mode locked Nd:YAG laser was taken as an example of the astigmatically compensated folded resonators. The experimental results show good agreement with the theoretical predictions. This method can be used effectively to design astigmatically compensated cavities resonator of high-performance lasers. 919-926 (2000). 9. R. Paschotta, J. Aus der Au, G. J. Spühler, F. Morier-Genoud, R. Hövel, M. Moser, S. Erhard, M. Karszewski, A. Giesen, and U. Keller, "Diode-pumped passively mode-locked lasers with high average power," Appl. Phys. B Lasers Opt. 70(S1), S25-S31 (2000). 10. S. W. Tsai, Y. P. Lan, S. C. Wang, K. F. Huang, and Y. F. Chen, "High-power diode-end-pumped passively mode-locked Nd: YVO 4 laser with a relaxed saturable Bragg reflector," Proc. SPIE 4630, 17-23 (2002). 11. K. K. Li, A. Dienes, and J. R. Whinnery, "Stability and astigmatic compensation analysis of five-mirror cavity for mode-locked dye lasers," Appl. Opt. 20(3), 407-411 (1981). 12. K. K. Li, "Stability and astigmatic analysis of a six-mirror ring cavity for mode-locked dye lasers," Appl. Opt.
Introduction
The resonator is an important part of lasers. The design quality for a resonator largely determines the performance of lasers, especially for some delicate lasers such as mode-locked lasers and the lasers with the frequency nonlinear transformation function. In the highperformance lasers, there is needful for a resonator design that provides intracavity focuses where the small spots size are highly concentrated. These small spots are required by pumping, mode locking and frequency nonlinear transforming. For the purpose of achieving several small intracavity focal spots, high performance lasers is mostly based on multi-mirror folded resonators, in an effort to minimize the dispersion and the volume of the lasers. However, a folded resonator requires an oblique angle of incidence at the curved mirror and introduces astigmatic distortions that limit the performance of the system.
In order to improve the performance of the lasers, many researchers [1] [2] [3] [4] [5] [6] focused on the study of the astigmatism compensation. H. Kogelnik et.al [1, 2] . first presented a method to compensate the astigmatism of a tight focus continues-wave (CW) dye-laser by using the Brewster angled plate. For many practical applications, there are many cavities without using Brewster angle. Consequently, their astigmatic compensation method is invalid at this time. Moreover, utilizing their astigmatically compensating method, it can get good results only under the certainly approximate condition, and their method is not suitable for all cavities. The study of N. Jamasbi et al. [3] employed ABCD matrix (or ABCD laws) to compensate the astigmatism in only one arm of the resonator without a Brewster angled plate. Similarly, ABCD matrix (or ABCD laws) was employed to achieve astigmatism compensation in the specific region of the special shaped lasers, such as in one arm of the symmetric triangular laser [4] , two arms simultaneous in the symmetric rectangular resonator [5] , or kerr lens mode locking non-planar resonator with symmetrical incidence angle on two curved mirrors [6] . Using ABCD matrix, it needs tedious calculations to implement the calculations of the roundtrip propagation matrix both in sagittal and tangential planes. Furthermore, the methods above are only suitable for a specific shaped cavity, and it is not intuitively clear when they are used to design the astigmatically compensated cavity. In a word, although there are many progresses in the astigmatic compensation, there is still lacking a simple and powerful method for designing resonators, in which the astigmatism in two or more arms is compensated.
In this paper, we present a simple method to compensate the astigmatism of folded resonator without Brewster windows. The method is based on the theory of the propagation and transformation of Gaussian beams. Using this method, it is easy to design the astigmatically compensated folded cavity without Brewster windows. A side pumped CW passively mode locked Nd:YAG laser is taken as an example of the astigmatically compensated folded resonators.
Method for compensating astigmatism
A high-performance laser, such as a semiconductor saturable absorber mirror (SESAM) passively mode-locked laser, is mostly formed with a multi-mirror folded resonator. The cavity shown in Fig. 1 is widely adopted [7] [8] [9] [10] , with the combination of a short focal length spherical mirror (M 1 ) and a longer one (M 2 ). It can be easily to have a very small focal spot on the SESAM and an appropriate spot size in the crystal simultaneously. The disadvantage of the oblique angles of incidence occurring at M 1 and M 2 , results in astigmatic aberration that limits the performance of the system. The conventional method to investigate a cavity astigmatism mainly uses ABCD matrix method [4, 5, [11] [12] [13] . The product of 12 ABCD matrices is needed to represent a complete cavity round-trip in a plane for the cavity shown in Fig. 1 . The calculations of the round-trip propagation matrices both in sagittal and tangential planes are quite complicated and not intuitive. The mode parameters are obtained by repeatedly changing the cavity geometry parameter, and it is inefficient and tedious. In the following, we will use a simple method to compensate simultaneously the astigmatism in the two terminal arms in Fig. 1 . We apply the numerical calculation of the Gaussian beam to compensate the astigmatism of the cavity, which is different from traditional methods. In our approach, the cavity mode parameters of the designed resonator are firstly given, then the geometric parameters of the astigmatically compensated cavity is determined by the cavity mode parameters. This approach is similar to the general procedure of designing resonator, and it is particularly suitable for designing the astigmatically compensated cavities of highperformance lasers. In order to study the astigmatism, a special transformation relationship of astigmatismfree Gaussian laser beam propagation through two off-axis concave mirrors, will be described firstly in the following section. As shown in Fig. 2 , the transformations of sagittal and tangential plane are drawn in a plane for a purpose of showing the difference between the beam transformations of the two orthogonal planes intuitively. The beam size in the sagittal plane is indicated by a solid red line and in tangential plane by a dashed blue line. The lenses F 1 and F 2 in Fig. 2 are substitute for curved mirrors M 1 and M 2 in Fig. 1 , respectively. Their effective focal lengths, which are related to the focal length f of the mirrors, in both the sagittal plane and tangential plane are given by [1] :
(2) Where, θ is the angle of incidence, and the sign with subscript s and t represent for the sagittal and tangential planes, respectively. When a round astigmatism-free Gaussian beam, which has a beam waist radius w 1 and a distance l 1 away from the lens F 1 , passes through the lens F 1 , a new Gaussian beam is formed. The transformation meets the following formulas given by H. Kogelnik [14] :
where the new Gaussian beam is characterized by the parameters of the new beam waist radius 1 w′ and the spacing 1 l′ between the new beam waist position and the lens F 1 . The subscript 1 is that the Gaussian beam propagates through the 1st lens F 1 . The sign with superscript ' represents in image space, while the sign without superscript represents in object space. Due to the different focal length between in the sagittal and tangential planes of F 1 , formulas (3) and (4) must be calculated respectively in the two orthogonal planes. According to the actual application, a beam waist 40 um is chosen to place a SESAM, and the others parameters are l 1 = 5.3 cm, f 1 = 50 mm, 1 w′ , 1s l′ and 1t w′ , 1t l′ , respectively. There are two discrepant Gaussian beams after the mirror M 1 , and it is apparent that the oblique angle of the incidence at M 1 results in an elliptical transformed beam.
The beam radius w(z) at a distance z from beam waist can be obtained by the equation for free-space propagation of a Gaussian beam [14] :
Using above formula, we obtain that the two discrepant Gaussian beams intersect at two locations, which means this elliptical beam has two round spots inevitably. One is at the lens F 1 when lens F 1 is assumed to be a thin lens, and the other one is at certain point after F , we obtain that another round spot locates in 78 cm away from F 1 . For the goal of attaining an astigmatism-free transformed beam by the lens F 2 , the lens F 2 must be located in another round spot on account of the continuity of the transformation of the Gaussian beam. This is an essential condition but not full condition for compensating astigmatism. This means that meeting this condition is no sufficient to vanish the astigmatism in the image space of the lens F 2 . In order to further study astigmatism, we mainly investigate the differences of the beam waist parameters (including the beam waist radius and its position) between in the sagittal and tangential plane. The astigmatic values, which were defined as the absolute values of The above results denote that the method for simultaneously compensating astigmatism in two terminal arms of a folded resonator without Brewster windows, is very effective and simple. A folded resonator can be compensated astigmatism completely when the following two conditions are fulfilled. Firstly, when the Gaussian beam with a determined size beam waist is obliquely incident on an off-axis concave mirror, two new Gaussian beam respectively in the sagittal and tangential planes are formed. Another off-axis concave mirror shall be located at another intersection point of the two new Gaussian beams. Secondly, adjusting the incident angle of the second surface mirror or its focal length can make the above two Gaussian beam coincide in the image plane of the second concave mirror.
Experimental study
According to the sketch in Fig. 2 , a Z-type folded resonator as illustrated in Fig. 1 was well designed in order to compensate astigmatism. A side-pumped module (GTPC-75S, GT LASER CO.,LTD, China), which consists of a Ф3 × 65 (mm) Nd:YAG crystal and sidepumped by laser diode bars, was used in our experiment. M 1 and M 2 are concave mirrors, with radii of curvature of 100 mm and 500 mm respectively. M 3 and M 4 are both plane mirrors. Based on the results of our theoretical research above, when the concave mirror M 1 is located away from M 3 5.3 cm, and the oblique angle of incidence at the curved mirror M 1 is 7°, another off-axis concave mirror M 2 should be located away from M 1 78 cm, which satisfies the first condition of astigmatism compensation. According to Fig. 3(a) , it can be seen that when the oblique angle of incidence at the curved mirror M 2 is approximately 12°, the second condition is satisfied and the astigmatism is compensated completely. Based on above calculations based on . Taking into account the thermal lens effect of the laser crystal, we use two flat mirrors cavity stability condition method [15] [16] [17] to measure the focal length of the laser media. The focal length was 89.3 cm when the laser diode driving current was 7.9 A. Due to the thermal lens, the distance between M 2 and M 4 change into 34.3 cm. At this time, the astigmatic aberration is eliminated completely in the both terminal arms. In the following section, we study the mode locking operation of the astigmatically compensated cavity. A SESAM (provided by Institute of Semiconductors, Chinese Academy of Science) adhered to a copper heat sink by silicon grease, was used to substitute the plane mirrors at M 3 location. A plane output coupler with a partial transmittance of 5% instead of the other plane mirrors at M 4 location. We set up a laser diode side-pumped Nd:YAG modelocked laser based on SESAM as shown in Fig. 1 . The gain medium is in a terminal arm between the M 2 and M 4 , SESAM is placed in the other one between the M 1 and M 3 . Although some astigmatism still remains in the middle arm, considering there is no optical element in this arm, we can neglect the influence of the astigmatism. This method can avoid the introduction of additional element to compensate the astigmatism. The output characteristics were monitored and analyzed by a 1 GHz analog bandwidth high speed digital oscilloscope (DPO4104B, Tektronix, Inc., USA) and a 1 ns rise time fast photodetector (PIN2-11-12, HiTech Optoelectronics Co., Ltd., China). When the driving current of the module increases to 7.9 A, stable CW mode locked pulse train are obtained. Figure 5 shows a typical oscilloscope trace of the pulse envelope including both the long term pulse trains (10us/div) and short term pulse trains (10ns/div) in the inset. The experimental results show that the astigmatically compensated cavity designed by us, is very suitable for SESAM mode-locked laser. 
Conclusion
In conclusion, we proposed a new method for achieving astigmatism compensation in folded cavity. Based on the propagation and transformation of Gaussian beam the method is very convenient and intuitive. A folded resonator can be compensated astigmatism completely when the following two conditions are fulfilled. Firstly, place another off-axis concave mirror at the intersection point of the two Gaussian beams in the sagittal and tangential planes. Second, adjust the incident angle of the second surface mirror or its focal length, which can make the astigmatic aberration be eliminated completely. A Z-type cavity for SESAM passively mode-locked laser was designed. The experimental results show that the astigmatic aberration is eliminated completely in the both terminal arms. Our designed cavity can achieve a small focal circular spot on SESAM and long cavity length. The mode-locking operation can work steadily in an astigmatically compensated cavity.
